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httpicense.Abstract This paper describes the synthesis, characterization and performance evaluation of three
phthalimide and three succinimide copolymers of vinyl acetate, styrene and methyl methacrylate as
ﬂow improvers for waxy crude oil. The prepared copolymers were named as; (VA)Ph; (St)Ph;
(MMA)Ph; (VA)S; (St)S and (MMA)S. These copolymers were characterized by FTIR and 1H
NMR spectroscopy. The molecular weights and nitrogen content of these copolymers were deter-
mined by using the GPC technique and the Kjeldhal method, respectively. The rheological proper-
ties of crude oil (with and without additives) were studied. From the obtained results, it was
remarked that the styrene phthalimide copolymer (St)Ph exhibited the maximum pour point depres-
sion (DPP500 ppm = 30). The results of the rheological ﬂow properties showed that the Bingham
yield values (sb) for crude oil without additives at 15, 27 and 39 C were 0.286, 0.131 and
0.075 Pa respectively, whereas the sb for the treated crude oil by the styrene phthalimide (St)Ph
copolymer were 0.021, 0.0164 and 0.0081 Pa at 500 ppm at the same temperatures.
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Crude oil having high wax content causes many problems dur-
ing production, storage and transportation [1]. The high wax
crude oils are characterized by high pour point, high viscosity,
high gel strength and abundant wax deposits [2]. When the
waxy crude temperature is below the wax appearance temper-
ature (WAT), wax crystals separate out from oil solution. If
being continually cooled, more and more waxy crystals appear
and interlock to form a network, which entraps the liquid oil,
resulting in the gelation of crude oil [3]. This decreases the ﬂowgyptian Petroleum Research Institute.
0.008
382 A.M. Al-Sabagh et al.of the crude and increases the resistance to its ﬂow, overloads
the pump, reduces productivity and possibly plugs the well.
For this reason, the inhibition of parafﬁn deposits is required
to maintain the necessary well productivity [4]. Several options
are available including stream heating, blending with lighter
cutter stocks, mechanical scraping and use of chemical addi-
tives [5,6]. The preferred option is the use of chemical additives
referred to as wax crystal modiﬁers, also known as pour point
depressants (PPD), ﬂow improvers (FI) and parafﬁn inhibitors
[5]. Pretreatment with PPD is an attractive solution for trans-
portation of waxy crude oil via pipelines. Polymeric additives
which satisfy most of the requirements to act as pour point
depressants and ﬂow improvers for crude oil were synthesized
and evaluated such as; poly long alkyl methacrylate, alkyl
naphthalene copolymer [7], esters of oleic acid-maleic anhy-
dride copolymer [8], copolymers of maleic anhydride and es-
ters of n-alkyl alcohols with oleic acid and methacrylic acid
[1], poly(styrene-co-alkyl methacrylate) [2], styrene-alkyl itaco-
nate copolymer [9], hexa-triethanolamine oleate esters [10],
poly-a-oleﬁns [11,12], ethylene–vinyl acetate copolymers
(EVA) [13], terpolymers like styrene/dodecyl methacrylate/
octadecyl methacrylate having different molar ratios [11,14].
Also some diblock copolymers e.g. polyethylene-polyethylene
propylene (PE-PEP) [15,16] and poly (ethylene-co-butene)
(PEB) [17,18] are reported as good PPD. PPD modify the size
and shape of crystals and inhibit formation of large wax crystal
lattices [5,19,20]. Polymeric additives known as ﬂow improvers
or pour point depressants are generally used to lower the pour
point, viscosity and yield stress of crude oil. In pipeline trans-
portation, these additives improve the ﬂuidity of waxy crude
and reduce the extra pumping cost [8]. The designing of better
additives requires a good understanding of the crystallization
behavior of the parafﬁn molecules in the hydrocarbon ﬂuids.
Any additives which are as effective as PPD may be ineffective
to reduce the viscosity and yield stress and enhance the ﬂow
ability [9]. All PPDs are structured so that the part of the mol-
ecules is like the parafﬁn wax crystals, this part functions by
providing the nucleation sites and co-crystallizing with the par-
afﬁn waxes, while the other part of the structure, dissimilar to
the wax crystals, blocks the extensive growth of the wax matri-
ces [21]. PPD additives may work by number mechanisms
[22,23]. They may serve as nucleating agents if they self-assem-
ble or aggregate above the precipitation temperature of the
wax. Facilitating nucleation can lead to a higher wax precipi-
tation temperature. However, a lower precipitation tempera-
ture may result if there are many small nucleation sites that
are not large enough to be detected. PPD may also bind to lar-
ger crystals and prevent particle–particle interactions from
forming aggregates, volume spanning networks, or deposits.
This can be termed steric stabilization or adsorption. PPD
additives do not work by changing the amount of wax that
comes out of solution [22,24,25] but by altering the crystal
growth and structure. The following factors play an important
role in the efﬁciency of pour point depressants [26,27]; (a) the
number of pendant alkyl side chains and the length and dis-
tance between them are the important factors, (b) the solubility
of the additives (which are generally polymers) in crude oil
which depends on their average molecular weights, (c) if addi-
tives are copolymers then monomer to monomer ratio should
be taken into consideration, (d) amorphous and crystalline
parts of additives are very important in determining their efﬁ-
ciency, and (e) physical and chemical stability of additive [28].The ﬁrst object of this work is to prepare phthalimide and suc-
cinimide copolymers with vinyl acetate, styrene and methyl
methacrylate. The second object is to evaluate their efﬁciency
toward decreasing the pour point of the waxy crude oil. The
third object is to perform these polymers as ﬂow improvers
via dynamic viscosity and the rheological parameters.
2. Experimental
2.1. Materials
The following chemicals were used; urea, acrylic acid, vinyl
acetate, methanol, toluene, p-toluene sulfonic acid, ethanol
and hydroquinone which were supplied from Sigma Aldrich
chemicals company; phthalic anhydride and succinimide from
Loba chemicals company; methyl methacrylate and styrene
from Acros chemicals company; formaldehyde solution
(37%) from El-Nasr pharmaceutical chemicals company; xy-
lene and N,N dimethyl formamide from Morgan chemicals
company. The initiator benzoyl peroxide was recrystallized
from methanol.
2.2. Crude oil used
Egyptian waxy crude oil was submitted from Qarun Petroleum
Company. Its physicochemical properties are listed in Table 1.
The n-parafﬁn distribution of the isolated waxes was deter-
mined by gas chromatography analysis according to ASTM
D 2887.
2.3. Esteriﬁcation and polymerization reactions
To carry out the process of esteriﬁcation and polymerization,
it is necessary to prepare the following materials:
2.3.1. Synthesis of phthalimide
Equimolar amounts of phthalic anhydride and urea were re-
ﬂuxed with xylene as a solvent in a 250 ml three-necked ﬂask
equipped with a condenser and a thermometer. The tempera-
ture was raised to 140 C and kept for 120 min with slow stir-
ring. Then, it was cooled down to room temperature, ﬁltered
and dried in vacuum. The solvent was reclaimed from the mix-
ture for reuse. As a result, a mixture of phthalimide and phtha-
lic anhydride was obtained which was further treated with
ethanol at 78 C for 90 min. After cooling down to room tem-
perature, the product was ﬁltered and dried in vacuum. Final-
ly, the phthalimide was obtained, (scheme 1a).
2.3.2. Synthesis of N-hydroxy methyl phthalimide
In a 250 ml ﬂat bottom ﬂask ﬁtted with a condenser, 14.7 g of
phthalimide was reacted with 5.5 ml of formaldehyde solution
(37%) in the presence of distilled water (50 ml) as a solvent.
The mixture was reﬂuxed until clear solution, then the hot
solution was ﬁltered and cooled overnight. The product was
ﬁltered and dried, (scheme 1b).
2.3.3. Synthesis of N-hydroxy methyl succinimide
A suspension of succinimide (5 g) and 3 ml of formaldehyde
solution (37%) in ethanol (100 ml) were reﬂuxed in a 250 ml
ﬂat bottom ﬂask for 4 h. After that, the whole mixture was
kept in a refrigerator for 3 days to obtain a complete
Table 1 Physicochemical properties of the investigated crude oil.
Density at 20 C, (g/cm3) ASTM D1298 00.862
Kinematic Viscosity, (c.st.) ASTM D445
at 40 C 11.440
at 100 C 02.410
Pour Point (PP), C ASTM D97 27.000
Asphaltene content, wt.% IP 143 00.728
Wax content, wt.% UOP 46 / 64 11.920
Water content, wt.% IP 74 / 70 -
Total sulfur content, wt.% ASTM D4294 00.980
n-Paraﬃns, wt.% ASTM D2887 (GLC) 89.330
Iso-paraﬃns, wt.% ASTM D2887 (GLC) 05.850
Total paraﬃn Content, wt.% ASTM D2887 (GLC) 95.180
Average carbon Number (n) IP 372 / 85 (GLC) 21.700
Scheme 1 (a) Synthesis of phthalimide, (b) Synthesis of N-htdroxy methyl phthalimide and (c) Esterﬁcation process. (d) Synthesis of
N-hydroxy methyl succinimide.
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Scheme 1. (continued)
384 A.M. Al-Sabagh et al.precipitate, then the product was ﬁltered and dried. Finally,
the crystallization process was done by using ethyl acetate,
(scheme 2a).
2.4. Esteriﬁcation process
In a 250 ml ﬂat bottom ﬂask ﬁtted with a dean–stark trap and
a condenser, 1 mol of N-hydroxy methyl phthalimide or
N-hydroxy methyl succinimide was esteriﬁed with 1 mol of
acrylic acid. The reaction ingredients were reﬂuxed in toluene
as a solvent in the presence of p-toluene sulfonic acid as a
catalyst and hydroquinone as an inhibitor with continuous
stirring until the theoretically amount of water was obtained.
Then, the solvent was distilled off and the ester was obtained,
(scheme 1c and scheme 2b).
2.5. Copolymerization reaction
To obtain phthalimide and succinimide copolymers, they were
reacted with vinyl acetate, styrene and methyl methacrylate
individually in equimolar amounts of their esters. The reac-
tants were reﬂuxed in N,N dimethyl formamide (DMF) as a
solvent at 90 C for 24 h using benzoyl peroxide as an initiator.
The produced copolymers were precipitated in methanol, then
ﬁltered and washed by methanol (scheme 1d and scheme 2c).2.5.1. Infrared (IR) spectroscopic analysis
Infrared spectra were done to follow the esteriﬁcation and
polymerization reactions using Fourier transform infrared
spectrometer (Nicolet IS-10 FTIR spectrometer) to conﬁrm
the structures of the prepared (VA)Ph, (St)Ph, (MMA)Ph,
(VA)S, (St)S and (MMA)S copolymers.
2.5.2. Nuclear magnetic resonance spectroscopic analysis
The 1H NMR spectra of the prepared copolymers were re-
corded by using JEOL NMR spectrophotometer at the Na-
tional Research Centre (NRC) using ECA 500 MHz and
deuterated chloroform CDCl3 as a solvent.
2.6. Molecular weight and nitrogen content measurements
The molecular weight of the synthesized copolymers was
determined through weight average molecular weight and
poly-dispersity using gel permeation chromatography
analysis (GPC). The measurement was carried out by high
performance liquid chromatography (HPLC) apparatus;
Name: Aglient 1100 series, country: Germany, detector:
Refractive index for THF solvent, column: Plgel particle
size (5 lm), pore type (100, 104, 105 A) on series, length
7.5 · 300 mm (1000, 500,000), ﬂow rate: 1000 ml/min and
inject volume: 100,000 ll. The nitrogen content of the
Scheme 2 (a) Synthesis of N-hydroxy methyl succinimide. (b) Esteriﬁcation process and (c) copolymerization of succinimide.
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Kjeldhal method.
2.7. Pour point (PP) measurements (ASTM) D97
Solutions of the synthesized (VA)Ph, (St)Ph, (MMA)Ph,
(VA)Su, (St)Su and (MMA)Su copolymers in 25% DMF with
75% xylene containing 30% active material at different con-
centrations (250, 500, 1000, 2000 and 5000 ppm) of each of
the prepared solutions were prepared. The crude oil sample
was placed in a glass jar with a thermometer at the top. The
tested crude oils were heated up to 60 C and the additives
were added. The investigated samples were shaken for 3 min
and the temperature was kept constant for 5 min and then
transferred to the test jars. The jars were transferred to water
bath at 48 C. The samples were inspected at temperature
intervals of 3 C and as long as the oil was ﬂuid, it was re-
turned to the cooling baths. If the sample was not solidiﬁed,
it was cooled progressively in coolants cooled down to 27 C
then to 0, 9, 18 and 37 C until its solidiﬁcation [29].
The pour point is set at 3 C above the temperature at which
the oil becomes solid [30].
2.8. Dynamic viscosity measurements
The prepared additives were evaluated as ﬂow improvers for
waxy crude oil through rheological measurements at different
concentrations (250, 500, 1000, 2000 and 5000 ppm). The mea-
surements were carried out for the untreated and treated crude
oil samples at different temperatures above and below pour
point of crude oil ranging from 15 to 39 C using Brookﬁeld
DV-II + programmable viscometer operating instructions
manual No. M/97–164-D1000. The experimental procedure
starts when the additives were mixed with crude oil at the pre-
scribed concentration at 60 C. Meanwhile , the viscometer
cup is preheated to the same temperature , then loaded with
25 ml of the sample and then the temperature is brought down
to a constant temperature, at which the measurements will be
achieved, at a low shear rate of 0.024 s1 (dynamic cooling).
Shearing was continued for 15 min at the test temperature
for evaluation. The shear stress-shear rate relationship was re-
corded for the tested samples. The shear rate, shear stress and
viscosity can be calculated by the following equations:
(1) Shear-rate (D) :
D ¼ M  nðS1Þ ð1Þ
where; M is the shear-rate factor, depending on sensor system
and n is the actual test speed. The actual test speed iscalculated as following:n= set test speed / reduction factor
‘‘R’’ Shear-stress (s) :
(1) Shear stress (s):
s ¼ A  SðPaÞ ð2Þ
where; A is the shear-stress factor, depending on time of the
measuring drive unit and the sensor system, and S is the mea-
suring value (scale grade).
(1) Apparent viscosity (g) :
g ¼ G  s=nðm Pa sÞ ð3Þ
where; G is the instrument factor, depending on the type of the
measuring drive unit and the sensor system.
3. Result and discussion
3.1. Structure justiﬁcation
3.1.1. Phthalimide copolymers
The chemical structure of the prepared ester of phthalimide
copolymers was studied using the infrared spectral analysis.
Fig. 1(a) represents the absorption spectra for the prepared
phthalimide ester. From the inspection of this ﬁgure, it can
be observed that the absorption bands at 3063.17, 2922.22,
2852.37, 1783.34 and 1715.38 cm1 may be attributed to
‚C–H aromatic ring, C–H asymmetric, C–H symmetric,
C‚O ester and cyclo amide respectively. The spectra also dis-
played absorption bands at 1614.03, 1465.65, 1413.23, 1351.05,
1293.79 and 723.49 cm1 which may be related to C‚C ali-
phatic, C‚C aromatic, CH2, C–N amide, C–O ester and ortho
disubstituted ring, respectively.
The structures of (VA)Ph, (St)Ph and (MMA)Ph copoly-
mers were conﬁrmed by IR spectroscopy. Fig. 1(b) illustrated
the IR spectra of (St)Ph copolymer, as an example. From the
analysis of IR spectra for all the prepared phthalimide copoly-
mers, it was found that the similar absorption bands which are
illustrated in Fig. 1(a) were observed except that the absorp-
tion band of C‚C aliphatic at 1614.03 cm1 disappeared,
which conﬁrmed the complete formation of the copolymers.
Fig. 1(c) represented the 1H NMR patterns for (St)Ph, as an
example. The observed peaks are assigned as the following: d
at 1.29 ppm for CH2–CH– ,
1H (a); d at 1.4 ppm for CH–
CH2–CH– ,
1H (a); d at 2.31 ppm for CH2–CH–COO– ,
1H
(b); d at 2.94 ppm for CH2–CH–C6H5 ,
1H (b); d at 5.3 ppm
for N–CH2–COO– ,
1H (c); d at the range from 7.08 to
Scheme 2. (continued)
386 A.M. Al-Sabagh et al.7.35 ppm for‚CH– ,1H (d) in the benzene ring of styrene and
d at 7.69, and 8.13 ppm for‚CH, 1H (e) in the benzene ring of
phthalimide.3.1.2. Succinimide copolymers
Using infrared spectral analysis to conﬁrm chemical structure
of the prepared ester of succinimide copolymers. Fig. 2(a)
Figure 1 IR ﬁnger print of (a) phthalimide ester and (b) (St)Ph copolymer, as an example. (c) 1H NMR ﬁnger print of (St)Ph copolymer,
as an example.
Fig 1. (continued)
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Table 3 Some structural characterization for the prepared
copolymers.
Copolymers M.wt Poly dispersity Nitrogen content, %
Calculated Practical
(VA)Ph 22300 1.9974 4.400 6.77
(St)Ph 25590 2.1707 4.179 4.80
(MMA)Ph 32626 2.7709 4.220 5.13
(VA)S 18450 1.8017 5.200 6.75
(St)S 23249 2.1800 4.878 3.21
(MMA)S 51801 2.4589 4.900 3.80
Table 2 The effect of polymeric additives on the pour point of crude oil.
Additive designation Crude oil
Additive concentration, ppm
Nil 250 500 1000 2000 5000
PP,C D PP PP,C D PP PP,C D PP PP,C D PP PP,C DPP PP,C
(VA)Ph 12 15 15 12 18 9 21 6 21 6
(St)Ph 15 12 18 9 24 3 30 -3 31 -4
(MMA)Ph 27 15 12 15 12 21 6 27 0 28 -1
(VA)S 12 15 12 15 18 9 18 9 18 9
(St)S 15 12 15 12 24 3 27 0 27 0
(MMA)S 12 15 15 12 21 6 24 3 25 2
388 A.M. Al-Sabagh et al.represented the infrared spectra for ester which show absorp-
tion bands at 3165.21, 1775.46, 1710.29, 1614.15, 1412.8,
1359.35 and 1295.45 cm1 which may be attributed to C–H
stretch, C‚O ester, cyclo amide, C‚C aliphatic, CH2, C–N
amine and C–O ester mode vibrations, respectively.
Further studies for the chemical structures of the prepared
(VA)S, (St)S and (MMA)S copolymers were conﬁrmed using
the infrared spectral analysis. Fig. 2(b) represented the IR spec-
tra of (St)S copolymer, as an example. From the inspection of
the IR spectra for all the prepared succinimide copolymers, itTable 4 Rheological parameters for untreated and treated crude o
Flow Improver Temperature, C Bingham yie
Untreated Crude Oil 39 0.0750
27 0.1310
15 0.2860
(VA)S 39 0.0200
27 0.0233
15 0.0251
(MMA)S 39 0.0184
27 0.0222
15 0.0244
(St)S 39 0.0153
27 0.0203
15 0.0232
(VA)Ph 39 0.0180
27 0.0226
15 0.0246
MMA)Ph 39 0.0123
27 0.0180
15 0.0239
(St)Ph 39 0.0081
27 0.0164
15 0.0210was found that the similar absorption bands which are illus-
trated in Fig. 2(a) were observed except that the absorption
band of C‚C aliphatic at 1614.15 cm1 disappeared, which
conﬁrmed the complete formation of copolymers.
Fig. 2(c) represented the 1H NMR patterns for (St)S, as an
example. The observed peaks are assigned as the following: d
at 1.29 ppm for CH2–CH– ,
1H (a); d at 1.55 ppm for
CH–CH2–CH– ,
1H (a); d at 2.54 ppm for CH2–CH–COO– ,
1H
(b); d at 2.73 ppm for CH2–CH2–CO–N, 1H (e); d at
2.94 ppm for CH2–CH– C6H5 ,
1H (b); d at 5.3 ppm for
N–CH2–COO– ,
1H (c) and d at the range from 7.08 to
7.18 ppm for ‚CH– ,1H (d) in the benzene ring of styrene.
The M.wt and nitrogen content of the prepared copolymers
are listed in Table 3. The FTIR, 1H NMR, M.wt and nitrogen
content, together justify the formation of the undertaken
copolymers.
3.2. Pour point depression performance of the prepared
copolymers
The wax inhibitors or pour point depressants act by hindering
the wax crystal network formation. In fact, copolymer crystalil at 500 ppm of different pour point depressants.
ld value, sb, Pa Dynamic viscosity, mPa s DPP
007.28 0
190.95
358.00
005.50 18
032.10
095.30
005.10 24
028.40
087.00
004.80 27
025.30
084.50
005.20 21
030.35
088.30
004.72 27
024.60
080.30
003.80 30
019.40
066.00
Fig 2. (continued)
Figure 2 IR ﬁnger print of (a) succinimide ester and (b) (St)S copolymer, as an example. (c) 1H NMR ﬁnger print of (St)S copolymer, as
an example.
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390 A.M. Al-Sabagh et al.modiﬁers co-precipitate along with the waxes, thus hindering
the growth of the wax crystal network [31,32]. The crystal
modiﬁers act as nucleation sites for wax crystal growth so that
the nucleation rate is increased and a higher number of smaller
crystals are formed [33]. The copolymers used for wax crystal
modiﬁcation should interact with the parafﬁns that are respon-
sible for crystallization and polar groups along the chain,
which would change the crystalline growth [34]. Other scien-
tists, performed viscosity and resistivity studies on oils and
concluded that in order for copolymers to be effective pour
point depressants, they must be soluble in the oil [35]. Others,
also developed copolymers that were easily soluble in oil as
pour point depressants, and observed that these copolymers re-
tarded the growth of wax crystals, resulting in smaller crystalsFigure 3 (a) Relation between shear rate and shear stress for
untreated crude oil, as an example. (b) Relation between shear rate
and viscosity for untreated crude oil, as an example.
Fig 3. (continued)and lower gel strength [36,37]. The following discussion will
deal with the most important observations of the efﬁciency
of the prepared polymers as pour point depressants for crude
oil. The copolymer additives of various compositions of
phthalimide and succinimide copolymers were prepared in or-
der to study the inﬂuence of the molecular weight concentra-
tion and chemical structure on the depression of the pour
point and enhancing the ﬂow property parameters.
Table 2 illustrated the variation of DPP with the additive
concentration (ppm). This table demonstrated that, with
increasing the concentration of the prepared (St)Ph copolymer
from 500 to 5000 ppm, a decreasing of their activity was ob-
served i.e. the regular depression of pour point is decreased
(DPP varies from 30 to 15). Therefore, according to theFigure 4 (a) Relation between shear rate and shear stress for
crude oil treated with poly vinyl acetate succinimide at 500 ppm,
as an example. (b) Relation between shear rate and viscosity for
crude oil treated with poly vinyl acetate succinimide at 500 ppm,
as an example.
Fig 4. (continued)
Synthesis of phthalimide and succinimide copolymers 391obtained results, it was obvious that with increasing the con-
centration of the copolymer additives, a decrease of their activ-
ity was observed. The pour point of the untreated waxy crude
oil was 27 C, then with the addition of (St)Ph copolymer, the
PP of the crude oil increased from 3 to 12 C against the con-
centration of the (St)Ph which increased from 500 to
5000 ppm. The maximum depression of PP was obtained by
the (St)Ph at 500 ppm, the PP decreased from 27 to 3 C.
The synthesized phthalimide and succinimide copolymers
were assessed as ﬂow improvers at different compositions of
waxy crude oil in terms of pour point depression. Their aver-
age molecular weights and the polydispersity (d) were deter-
mined by using gel permeation chromatography (GPC)
analysis. The obtained results (see Table 3) showed that the
prepared phthalimide polymers have different molecular
weights varying from 22300 to 32626 and the poly dispersity
values (1.9974–2.7709). The optimum effectiveness as pour
point depressant was achieved at molecular weight 25590 of
(St)Ph copolymer. However, the obtained data for the pre-
pared succinimide copolymers showed different molecular
weights varying from 18450 to 51801 and the poly dispersity
values were situated from 1.8017 to 2.4589. It was found that
the optimum effectiveness as pour point depressant was
achieved at molecular weight 23249 of (St)S copolymer. It is
very clear that the prepared (St)Ph copolymer exhibits the
maximum pour point depression (DPP = 30), in spite of its
molecular weight and polydispersity not being high but the
existence of two benzene rings with polar moiety on the back-
bones may lead to the creation of attractive forces which inhi-
bit the growth of the wax crystals.Figure 5 (a) Relation between shear rate and shear stress for
crude oil treated with poly vinyl acetate succinimide at 500 ppm,
as an example. (b) Relation between shear rate and viscosity for
crude oil treated with poly vinyl acetate succinimide at 500 ppm,
as an example.
Fig 5. (continued)3.3. Flow properties of the waxy crude oil with additives
The ﬂow properties are shown to depend strongly on the ap-
plied shear rate during cooling (shear history effect), i.e., shear
history has pronounced effects on viscosity and rheological
behavior of waxy oils [38,39]. This leads to a deﬁnable minimum
operating point below which ﬂow in a waxy oil pipeline would
cease [40]. As a result of the interaction between the polymeric
ﬂow improver and the wax, the polymer modiﬁes the wax crys-
tal structure. As a result of such interaction, the crystal aggre-
gate formation is easily destroyed when the oil is submitted to
shear and produce particles whose size and shape are different
and conducive to a different rheological behavior [41]. The rhe-
ological behavior of the untreated and treated waxy crude oil
has been determined through viscometric shear stress–shear
rate measurements at temperatures above and below the pour
point, viz., 39, 27 and 15 C. In general, Binghammodel showed
regular increases of parameters with decreasing of temperatures
as shown in Table 3 and Table 4 which are illustrated in Figs. 3–
5 as an example. Typically the non-Newtonian viscosity has
three characteristic regions; a low shear rate plateau, a shear
thinning region, and a high shear rate plateau. The limiting vis-
cosity value, corresponding to the low shear rate plateau, is
called zero shear rate viscosity. The zero shear rate viscosity
provides ameasure of the ﬂuid rheology under near-equilibrium
conditions. It is difﬁcult to obtain viscosity data in the zero
shear rate region because of the difﬁculty in obtaining shear
rates below small torque values. The inﬁnite shear rate viscosity,
found at very high shear rates, is usually close to the solvent vis-
cosity. The shear thinning region between the maximum andminimum viscosities typically exhibits a power law decrease in
the viscosity with increasing the shear rate [42].
For the untreated crude oil, shear stress increases sharply
with increasing the shear rate in such a way that the cold ﬂow
pattern follows a non-Newtonian yield pseudo plastic rheolog-
ical behavior as shown in Fig. 3(a and b). Increasing the shear
rate leads to partial breakdown of the gel wax structure in the
crude oil matrix, leading to a steep increase in shear stress. The
additives reduced the apparent viscosity and the decrease was
more signiﬁcant at lower shear rates. At high shear rates the
apparent viscosity reached a constant value, which the
equilibrium steady state was attained. These results are shown
in Figs. 3–5(b). By the analysis of the rheological properties, in
Table 4 and Table 5, it was found that, Bingham yield value
of the untreated crude oil increases with decreasing the
Table 5 Rheological parameters for untreated and treated crude oil at different ppm of (St)Ph ﬂow improver with different pour point
depressants.
Flow improver ppm Temperature, C Bingham yield value, sb, Pa Dynamic viscosity, mPa s DPP
(St)Ph 500 39 0.0081 03.80 30
27 0.0164 19.40
15 0.0210 66.00
39 0.0110 04.60
1000 27 0.0179 21.10 24
15 0.0236 75.00
39 0.0185 05.70
2000 27 0.0231 32.65 18
15 0.0274 96.00
39 0.0200 06.00
5000 27 0.0260 34.20 15
15 0.0296 97.30
392 A.M. Al-Sabagh et al.temperature. The Bingham yield values for the untreated crude
oil were 0.075 Pa at 39 C, 0.131 Pa at 27 C and 0.286 Pa at
15 C. Also, the dynamic viscosity behaves in the same manner
and their values were 7.28 mPa s at 39 C, 190.95 mPa s at
27 C and 358 mPa s at 15 C. Using the additives, in general,
the signiﬁcant decrease in the Bingham yield value, and the
dynamic viscosity were observed.
The rheological data in Figs. 3–5(b) are in a scale as
apparent viscosity versus shear rate, it was seen that the
apparent viscosity decreases with the increase of shear rate
at all test temperatures and the rate of decrease was lowered
at higher shear rates. This may be explained as follows; at
temperatures around the pour point, and at low shear rates
the energy exerted by shear and dissipated energy in the
crude matrix tends to break down the wax crystals partially.
Secondary bonds form among the ﬂocculated wax structure,
thus leading to the partial decrease of yield stress and reduc-
tion of viscosity (thinning effect) without the ability to ﬂow.
By increasing the shear rate, the dissipated energy is high en-
ough to overcome the yield stress and start ﬂow, which is re-
ﬂected by increasing the shear stress of the ﬂow curve. At
lower temperatures, the dissipated energy is mostly directed
to the decrease of the progressive yield stress and thus less
amount of energy is given to the decrease of viscosity, i.e.,
the thinning effect is lowered [43].
Upon increasing the shear rate, the size of the agglomerates
decreases and this process releases some of the continuous
phase originally immobilized within the agglomerates. As a re-
sult, the effective dispersed phase concentration decreases, and
leads to a decrease of viscosity. The viscosity decreases with
increasing the shear rate until the agglomerates are completely
broken down into the basic particles. So the waxy crude oil
system shows non-Newtonian characteristic [38].
From the obtained data in Table 4, the maximum yield val-
ues exhibited with (VA)S at 500 ppm, Bingham yield values
were 0.02 Pa at 39 C, 0.023 Pa at 27 C and 0.0251 Pa at
15 C, and the dynamic viscosity values were 5.5 mPa s at
39 C, 32.1 mPa s at 27 C and 95.3 mPa s at 15 C . While
the minimum yield values were obtained by (St)Ph at
500 ppm, the Bingham yield values were 0.0081 Pa at 39 C,
0.0164 Pa at 27 C and 0.021 Pa at 15 C and the dynamic vis-
cosity values were 3.8 mPa s at 39 C, 19.4 mPa s at 27 C and
66 mPa s at 15 C. The effect of concentration on sb and vis-
cosity is shown in Table 5, the maximum yield values exhibited
with (St)Ph at 5000 ppm, Bingham yield values were 0.02 Pa at39 C, 0.026 Pa at 27 C and 0.0296 Pa at 15 C, and the dy-
namic viscosity values were 6 mPa s at 39 C, 34.2 mPa s at
27 C and 97.3 mPa s at 15 C. While the minimum yield val-
ues were obtained by (St)Ph at 500 ppm, the Bingham yield
values were 0.0081 Pa at 39 C, 0.0164 Pa at 27 C and
0.021 Pa at 15 C and the dynamic viscosity values were
3.8 mPa s at 39 C, 19.4 mPa s at 27 C and 66 mPa s at
15 C. From the inspection of Table 5, it can be stated that
as the concentration of the additive (St)Ph copolymer increases
from 500 to 5000 ppm, the values of DPP vary from 30 to
15 C and also the values of Bingham yield and dynamic vis-
cosity are increased with decreasing different temperatures.
The values of Bingham yield are decreased from 0.0296 at
5000 to 0.021 Pa at 500 ppm at the same temperature (15 C)
and the values of dynamic viscosity are decreased from 97.3
at 5000 to 66 mPa s at 500 ppm with the same temperature
(15 C). We can conclude that as the concentration of the pre-
pared additive decreases, the ﬂow ability of the treated crude
oil increases and also the best rheological behavior is achieved
with the addition of (St)Ph copolymer at 500 ppm to the crude
oil, as shown in Table 4.4. Conclusion
Based on the results of this study, the conclusion can be drawn
in the following:
 Three phthalimide and three succinimide copolymers were
synthesized and characterized by FTIR, 1H NMR, GPC
and nitrogen content.
 The effect of these copolymers on pour point and rheolog-
ical properties of the waxy crude oil was investigated and
the results showed that all additives satisfy most of the
requirements to act as pour point depressants and ﬂow
improvers. It was found that the Bingham yield value (sb)
decreased from 0.286 to 0.021 Pa by using (St)Ph copolymer
at 15 C and 500 ppm. Dynamic viscosity also decreased
from 358 mPa s to 66 mPa s for the same copolymer and
the same conditions which should have a dramatic econom-
ical effect in the process of waxy crude oil transportation.
 Average molecular weights, polydispersity index and nitro-
gen content of these copolymers were found to be drasti-
cally affecting the efﬁciency of pour point depressants/
ﬂow improvers.
Synthesis of phthalimide and succinimide copolymers 393 With decreasing the concentration of the additives, an
increase of their activity was obtained and as a result, a
great depression of pour point was achieved.References
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